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iAbstract
The phase transitions in the early Universe are associated with symmetry breaking and they can
produce a gravitational wave (GW) background if they were rst-order type. Therefore the GW signal
produced by these phase transition can be a way to investigate the history of the Universe. In this thesis,
we investigate the testability of a classical scale invariant extension of the standard model (SM) using
the GW background produced by the chiral phase transition in a strong-interacting hidden sector, which,
via a SM singlet real scalar mediator, triggers the electroweak symmetry breaking. In this scenario the
hidden mesons are realistic candidate for dark matter, which obtain the mass due to the existence of a
scalar mediator. Using the Nambu{Jona-Lasinio method in a mean eld approximation we estimate the
GW signal corresponding to the mass for hidden hadron. We show that it can be tested by future space
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~ = c = kB  1 :
1? 1?
??
2012??????????? (CERN)??????????????? (Large Hadron Collider; LHC)
????? Higgs?????????, ??????? (Standard Model; SM)?????????????
??? [1, 2]. ????????????? 13 TeV ? LHC ?????????????, ????? TeV
????????????????????????? [3, 4]. ????????????????????
?????, ???????? [5], ??????? [7, 8, 9, 10, 11, 12, 13, 14], ????????????
[15, 16, 17], ???????. ????????????????????, ??????????????
??.
????????????????????, Higgs????????????????, ????????
????????. ?????????????????, ?????????????? [18, 19]. ????
? Higgs??????????????????????????????????????. ??????
????????, ????? (GUT)? Higgs????????????????????? [20], ????
??????????????????????. ??????????????????????, ???
????????????????????????????, ????????????????????,
TeV???????????????????. ???????? LHC????? [3, 4]?, ???????
?????????????????????, ?????????????????????. ?????,
??????????????????????????????.
????? LHC ????? [3, 4] ?, ????????????????????, TeV ??????
Planck ???? Mpl ?????????????????????????. ????????????
??, Higgs???????? H ? Planck????????????????????????????;
H(Mpl)  H (Mpl)  0 [21, 22, 23]. ??????????????????????, ????????
???????????, ?????????????????????????????? [24]. ????
?????????????????? Higgs???????, ???? Higgs?????????????
????. ????? Planck??????????????????????????, ?????????
?. ??, ?????????????????, ?????????????, TeV???????????
?????, ???????????????. ???????????? Coleman-Weinberg?? [25]?,
????? (QCD)????????????????????????????.
????????. ???????????, ????????????????????????. ??
??????????????????????????, ??????????????????????.
????????????????????????????????????????, ??? QCD??
????????????????????? [26, 27, 28, 29, 30, 31, 32]?????. ?????????
??????????????????, ???????????????, ???????????????
2 ? 1? ??
??????. ????????????????????, ?????????????????????
???. ????????????????, ???????????????.
????? LHC?? [3, 4]?????????????? [33, 34]????, ?????????????
????????. ??????????, ???????????? (Laser Interferometer Gravitational-
Wave Observatory; LIGO) ????????????? [35] ?, ????????????????, ?
?????????? (Cosmic Microwave Background; CMB) ??????????????????




??????? [39, 40, 41]. ?????????????????, ????????????????
??????????, ?????? (ESA) ?????????? (NASA) ????????????
????? (Laser Interferometer Space Antenna; LISA)[42, 43] ???????????? (Deci-hertz
Interferometer Gravitational wave Observatory; DECIGO)[44, 45, 46, 47]??????????????
?? [48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64]. ?? QCD???????????
?, ??????? [65, 66, 67]????????????????, ??????????????????
???????????????????. ?????????? QCD?????, ??????????
???????? [31]. ??????????????????????????, ??? QCD?????
???????????????????????????????.
??????????????: 2????????????????????????????????
??. 3????? QCD?????????????????????, Nambu{Jona-Lasinio(NJL)???











???????????, ????????????????, ?????????? Higgs??,
??? 3 ??????????????? CP ??????????????????????.




GSM = SU(3)c  SU(2)L U(1)Y ; (2.1)
???????????????????????????????????. ????? 3 ??????
1=2??????????, ??? 0? Higgs?, ??? 1???????????, ??? (R)???? (L)
????????????????????????????.*1 ???????????, ???? GSM ?
??????? 2.1?????.
?????????????, ?????? GSM ???????????????????????:












Lfermion = fiDf (f = QL; UR; DR; `L; eR) ; (2.5)
LHiggs = (DH)y(DH)  V (H) ; (2.6)
LYukawa =  ye `LHeR   yu QL ~HUR   yd QLHDR + h.c. : (2.7)
*1 L;R???????  ??????????.







4 ? 2? ??????????????????
? 2.1: ????????????????



















3 2 + 16
UR = uR; cR; tR 3 1 +
2
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1 2 + 12
GA (A = 1;    ; 8) 8 1 0
W a (a = 1; 2; 3) 1 3 0
B 1 1 0












??? A ? a ????? Gell-Mann??? Pauli?????. ?? X  @X   @X + igi [X; X ]
?????; ??? gi ????????????. ??????? (2.7)???? ~H  i2H ? H ????
??????????. ???????????? Higgs???????? V (H)?????????:
V (H) = m2HH
yH + H(HyH)2 : (2.9)
?????? GSM ???????????? Higgs???????????. ?????????????
? (2.9)????????????, ?????????????????????; ??? H > 0.
2.1 ??????? 5
???????????????????, ????????????????????????????;
??????????? GSM ????????? GEW = SU(2)L U(1)Y ?, ?????????????























?? H+ ? G?????????? dim(GEW)   dim(H) = 3???????? Nambu{Goldstone(NG)







cos W sin W






??? W ?Weinberg?????, tan W = g0=g ???. ???????? (A;Z)????????,





















? cos W = mW =mZ ???, Z ????W ????????????????????. ?? Fermi?














??????????????????, ??????? (2.7)????? (2.11)???????????
????????????. ????????????, ???????????, ????????? Higgs
??????????????????????:
(Mf )ij = (yf )ij
vp
2
; (f = U; D; e) ; (2.18)
6 ? 2? ??????????????????
??? U(D); e?????, ??? (???)???????, ?????????. ??????? GSM ??
?? 1 ???????????????, ?????????????????????????????.
3 3??????????????, ?????????????????; VLMfV yR = diag:(mf ), ???
VL;R ??????????, ??????????, ???? mf ?????????????. ?????




; (f = U; D; e) (2.19)
?????, ?????????? Higgs??????????, Higgs?????????????????
??????????????????. ????????? f ????????????????? f 0 ?
????,














L L ; (2.20)

















??????????????, ???? Cabibbo-Kobayashi-Maskawa(CKM)?? [68, 69]? Pontecorvo-





V DL ; VPMNS  (V eL)y V L : (2.22)
?????????????????????????????????, ? (2.20) ??????????
V L ????????????. ????? V L = V eL ????????, ?????????? VPMNS ??
??????; ????????????????????????, ????????????????. ?
?????????????????????? (2.22)?, 3 3???????????, 3?????? 6
?????????????. ????????? 5?????????????????????????
????, ???????????????????????????, 3?????? 1?????????
?????.*2 ????????? VCKM ? VPMNS ?, ? (2.21)????????, ? (2.5)???? Z ?
???????????, ??????????????????, ???????????????????
?????????, W ????????????????, ????????????????????.
VCKM =
0@ Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
1A ; (2.23)
????, ????? Vij ?, ????????????????? (i $ j) ??????, ???????
??????????????. ????????? (2.23)? 4????????, Wolfenstein?????
(;A; ; )?????????????????:
VCKM =
0@ 1  2=2  A3(  i)  1  2=2 A2
A3(1    i)  A2 1
1A+O(4) : (2.24)
*2 ??? n?????????. n n???????????????????, n2 ?????????????, n(n  1)=2?
????? (2n  1)?????????????????????????,
n2   n(n  1)
2
  (2n  1) = (n  2)(n  1)
2
???. ????? 3???????????, ??????????????.
2.1 ??????? 7







tb = 0 ; (2.25)
????, ???? (; )????? (???????)???????????????.*3 ????? 4?
???????????, 3 3???????? (2.25)?????????, ??????????????





0)??????? yf , Higgs?????? H ? Higgs???????m2H , CKM??????? 3
?????? 1???????? 18????. ???????????????????, ????????
????????, ????????????????, ???????????????.
?????????? 3??????? (g; g0; v)??????. Higgs???????? Fermi?????
??????; v ' 246 GeV. ?? 2??????????, ?? e??????? (sin2 W )???????
????, ???????????????. ??? 1983???????????? (SppS)??? Z ???
?W ???????????. ?????????????? (LEP, SLC??)? TEVATRON????
???????????, ??????????????????? [72]:
mW = 80:385 0:015 GeV ; mZ = 91:1876 0:0021 GeV : (2.26)
?? LEP??? Z ????????????, ??? mZ=2?????????????? 3?????,
????????????? 3????????? [73, 74]. ?? CKM??????? 4????????,
B ????????? BaBar??? Belle??, LHCb??????????, ???? (; )??????
B ??????????????????????, ???????? 2.1??????????? [75]. ?
???????????, ????????? 3???????????.
2012? LHC?????? Higgs????? [1, 2]????, ????????????????????.
?? Higgs??????????? LHC?????????????????? [72]:






H ' 0:13 ; m2H '  (89 GeV)2 : (2.28)
Higgs ?????????, ???????????????, LHC ???? Higgs ??????????,
????????????????????; ??? Higgs??????????  ????, ??????
??????????????:




*3 + i =  (VudV ub)=(VcdV cb)???, Wolfenstein????? (; )???????:
 = (1  2=2 +    );  = (1  2=2 +    ) ;
??? [72]???.











(excl. at CL > 0.95)
 < 0βsol. w/ cos 2













excluded area has CL > 0.95
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CKM
f i t t e r
? 2.1: B ?????????????????? [75]
i(f)??? (??)?????,  H ? Higgs???????,  f ???? f ??????????, ????
?? (??)?? j ?????????????? j ?,





???????, ?????????????????????, j = 1 ???. ??????? Higgs
??????  ????????????????????, ?? j ??????????? cos  ?
????????. ? 2.2 (?)[76] ??????????? j ???????, ???????????
?????????????. ??????????????, ??????? Higgs ??????? v
???????????, ? 2.2 (?)[76] ??????, ???????????????????. ?
? i  i=(i)SM; f  Bf=(Bf )SM ????????????????, ????????????,
fi = i  f = 1???, LHC?? (Run 1*4)????, ???????? ??????????? [76]:
 = 1:09 0:11 ; (2.31)
????????????????????????????, ???????????? LHC?????
????????????????? [3, 4].




*4 LHC?? Run 1?????????????????????, ???? ps = 7 TeV ? 5 fb 1, ps = 8 TeV ? 20 fb 1.
2.2 ???????????????? 9
Parameter value








































? 2.2: (?) Higgs??????????????? j ???? [76]. ?????????????????
???, j = 1???. (?) ????????????? Higgs?????????????? [76].
???, ??????????????, Higgs????????????????????.
 ???????
?????, ???????????????, ????????????, ????????????
????????????????. ?????????????????????.
 ????????????
??????????? (??)??????, ????? (???)??????????. ?????






??????????????????????, ???????????????? Planck ????
Mpl  O(1019) GeV ?????, v  O(102) GeV ?????????????????????????
???. ?????? v ????, ???????????????????????. ??????????
Planck??????????????, Mpl=v  1017 ????????????????????????
????????, ?????????????????????????????. ??, ????????
10 ? 2? ??????????????????
???????? (QCD)?, ??????????????????, ?????????????????
?? (dimensional transmutation)??????????. ???? QCD  O(1) GeV? Planck????




b? gs ???? 1??????. ?????????????????????. ?? 3????????
? (gs; g; g0)???????????????, GUT  O(1015) GeV ?????????????; ???
?? (Grand Unied Theory; GUT). ?????????????????????????????. ??
?? LHC?????????????? Higgs?????????????????????????, ?
????????????????????.
2.2.1 Higgs?????????
????? Planck????Mpl ????????????. LHC?????????????????
?????, ?????????????????????????, ????? Planck?????????






242H   6y4t +   

; (2.34)
??? yt ????????????????, ?????????????????. ???????? yt ?
???????, ??????  ???? H() < 0 ?????????, ???? Higgs ???????
???????????. ??????????? Higgs?????????????, ?????????
???????????????????. Planck ????????? H(Mpl) = H (Mpl) = 0 ???,
Higgs ?? (2.27) ????, ?????????, ????? Planck ?????????????????
??????? [21, 22, 23]. ?????????????????,   O(1010) GeV ????, ????
H()?????, ???????????????????????, ????????????????
???, ???????????? Higgs ?????????????????????? [78, 79, 80, 81].
??????????, Planck???????????????????????, Planck????????
?????????, ?????????????????????. ?? Higgs????????????




?????????. ????? Planck ????????????????????, ?????????
?? Higgs??? Planck??????????????????????????; ??????????
????? ???? 2????????, m2H / 2. ??? Planck????????????????






???????, ???????????? Higgs?????????????, ????????????
???????????????. ?????????????????????????, ???????
[18, 19, 20]???????. ????????????????????????????????????
??, ????????????? TeV???????????????????????. ???????
??????????, ????????????? Higgs???????????, ??????????
????????????????. ?????????????????????????. ??????
????????????????, ?????????????????, ????? LHC???????
????????????????????.
???? 1995 ? Bardeen ???????????????????????????????????
[24]?????. ?????????? 2?????????????, [24, 82, 83]???????????


















g22 +   

: (2.35)
2????????????????????????????????. ???????? Higgs???, ?
?????????????????, ????????? (2.35)?, Higgs???????m2H ?????.
????? Planck???????????????,
m2H(Mpl) = 0 ; (2.36)
??????, ??????????????????????; ??m2H() = 0; SMm2H () = 0. ?????
???????, Planck????????????????????????????. ?? Higgs????






























??? Higgs???????????. mH Mnew Mpl ?????, ?? Planck??????????
?????????????, ??????????????????????. ????????????
??????????????, TeV????? Planck????????????????????, ???
?????????????. ?? Higgs ??????, ??????????Mnew ????? (2.38) ?
????????????, ???????????????? TeV????Mnew ????, ??????
? Planck???????????????????. ?????????????????????, ???
????????????? Planck????????????, TeV?????????????????
?????, ?????????? 1???????.
????????? LHC ???????? Higgs ???, ????? Planck ????????????
???, ?????????, ????????????????????????? Higgs???????
???. ??????????????????, TeV????????????????????????
???????, ???????????????. ??????????????? Planck???????
????????????, Planck????????????????????????; Planck?????
??????????????, ???????????? [84]?????????????????.






















????? i = W;Z; t????, ??? ni ????? nW = 6; nZ = 3; nt =  12???, ci ??????
????. ??????????, Higgs???????????, ?????????, ?????? hhi 6= 0
??????. ?????????????? H ????????????, ????????? hhi = v
??????????. ??, ?????????????????, ??????????????. ???
??????? CW???????????????, ????????????????, ???????
?????????, ?????????????????. ?????????????????????
?, ?????????????.








Higgs????????????? HS ?, 4????? H ????????? (2.34)?????????
?????, CW?????? Higgs?????????????????. ???????? S ?????
???????? hSi = 0, CW????? Higgs??????????????? HS ?????????
??, ???????? (Landau?)???????????, NS ???????????? U(1)B L ??
????????????, ???????????. ??? (2.41)?????? S ????????, ??
?????????? Higgs?????????????????. ??, CW??????????? S ?
?????????? hSi 6= 0??, ??? (2.41)? Higgs????????????. ?????? Higgs




???????; ??? QCD?????, ?????????????????? QCD ?????, Planck
???????????????? gs ??????????????? (2.33)?????????. ??, ?
???????????????????, QCD??????? SU(3)c ????????????????
???? S ?, QCD???????????, 




  2QCD  ! HS 
SyS  HyH : (2.42)
???????????????????? SU(N)H ????, ?????????????????? H
2.2 ???????????????? 13
????, ????????????????????????? [26, 86].*6 ??????????????
???????? QCD??????, ????? S ???? Higgs?????????, ??? 2????
???:
 ??????, 
SyS 6= 0, ??????????? [86]

SyS
  2H  ! HS 
SyS  HyH : (2.43)
QCD???????????????????? [85]???, Higgs?????? QCD???? H
????, ????? S ?????????????????????????.
 ????????????????????, 
    6= 0, ??????????? [26]

  
  3H  ! yS 
     ! HS hSi2  HyH : (2.44)





?????????. ??????, yS   , ???????????? S ????????????,




????????????????? (2.43)?, ??? QCD?????????????????????
???????, ?????????????????????; ????????????????????
???, ????? QCD????????????????????. ??, ??? QCD????????
??, ??????????????????, ????????????????????????????
??. ??????????, ???????????????????????????????? (2.44)
?????.
?????????????????, \????????"?, TeV?????????????????
???????. ??, ??????????????????????, ???????????????
???????????????. ??????????? QCD?????????????, ?????
????????????????????????? NG?? (??????)?, ???????????






????? TeV ???????????????????????. ??????????????
??????????. ????????????????????????, ??????????
*6 ???????????????????????????. ?????????????? SU(nc)H ????, ???????
?????????????????????, ???????????????? 2?????????.
14 ? 2? ??????????????????
[34]???????????????.
 ?????????????
???????????, ???????, ??????????????????? [38]. ?????
??????????????????, ????????. ????????????????, ??
??????? [42, 43, 44, 45, 46]??????????????.
??????????????, ???????? QCD???????????????????????.
???? 3???, QCD??????????????, ????????????????????. ??
??????????? QCD????????????, ??????? (????)??????????






????????, ????????, ????????????. ?????????????
?, ???????????????, ????????????, Higgs???????????








Tr GG +Tr q (i
@ + gs
G  mq) q ; (3.1)
??????? \Tr"??????????????????????, q = (u; d; s; c; b; t)T ????? nc = 3
??????? nf = 6??????, Ga (a = 1;    ; 8)??????????. QCD??????????










s +   

; (3.2)
??? s = g2s=(4) ???, 1 ?????? b0 ? 2 ?????? b1 ?, ???????????????
[72]:
b0 = (33  2nf )=(12); b1 = (153  19nf )=(242) : (3.3)
??????? s ?, !1???, s()! 0????????????. ?? QCD????????,
? 3.1?????? Z ??????MZ ????????? s(M2Z)??????, ???????????
?????; s(M2Z) = 0:11810:0011 [72]. ???????????????????????????, ?
????? ? QCD????????????????????; nf = 3???, (3)MS = (332 17) MeV
[72].
???????????????????? QCD???????? (3.1)?, ????????????
?????, ???????????????????? 1????????????. ??????? QCD
???? ??????????, ??????????????? gs ??????????????. ??
16 ? 3? ?????????????????
9. Quantum chromodynamics 39
They are well within the uncertainty of the overall world average quoted above. Note,
however, that the average excluding the lattice result is no longer as close to the value
obtained from lattice alone as was the case in the 2013 Review, but is now smaller by
almost one standard deviation of its assigned uncertainty.
Notwithstanding the many open issues still present within each of the sub-fields
summarised in this Review, the wealth of available results provides a rather precise and
reasonably stable world average value of αs(M2Z), as well as a clear signature and proof of
the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.
QCD αs(Mz) = 0.1181 ± 0.0011
pp –> jets





1 10 100Q [GeV]
Heavy Quarkonia (NLO)






pp –> tt (NNLO)
)(–)
Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [381],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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?????????????QCD???????? (3.1)?, ????????????: UL(6)U(6)R.
????????????????????. QCD???????? (3.1)??????????? mq ?,
??????????? Higgs?? hhi???????, ????????????. ??, QCD???? 
???????????????????????, ?????? hqqi????, ?? (uud)???? (udd)
????????. ??????????????????????, ?????????????????
???. ? 3.2????????????, ?????????????? [88]???. ?????? (u; d; s)
???, Higgs??????????????????????????, ????????????????
???, ??????????????????????????:
UL(3)U(3)R ' SU(3)L  SU(3)R U(1)V U(1)A : (3.4)
????????? (3.4) ?, ?????????????????. O(1) GeV ??????, U(1)A ?
?????????????, ??? Z6 ????. ??????????????, ???????????
??????? hqqi ????, ????????????? SU(3)L  SU(3)R ?, ??????? SU(3)V
????????. ???????????? SU(3)A ??????????, ???????? 8 ??
Nambu{Goldstone(NG)?????. ??????????? (0; ;K;K0; K0; )?????. ???
??????????????? SU(3)V  U(1)V ?, Vafa-Witten??? [87]??, ??????????
???????????????????, ???????????????????, ??? U(1)V ???
?????????.
???????? O(1   100) MeV ??????, ????????????. ???????????
??? NG ??????????. ??, ???????? (u; d; s) ?????????, SU(3)V  U(1)V
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We propose to measure azimuthal correlations of heavy-flavor hadrons to address the status of thermalization
at the partonic stage of light quarks and gluons in high-energy nuclear collisions. In particular, we show that
hadronic interactions at the late stage cannot significantly disturb the initial back-to-back azimuthal correlations
of DD pairs. Thus, a decrease or the complete absence of these initial correlations does indicate frequent
interactions of heavy-flavor quarks and also light partons in the partonic stage, which are essential for the early
thermalization of light partons.
PACS numbers: 25.75.-q
Introduction
Lattice QCD calculations, at vanishing or finite net-baryon
density, predict a cross-over transition from the decon-
fined thermalized partonic matter (the Quark Gluon Plasma,
QGP) to hadronic matter at a critical temperature Tc ≈ 150–
180 MeV [1].
Measurements of hadron yields in the intermediate and high
transverse momentum (pT) region indicate that dense matter
is produced in Au+Au collisions at RHIC [2, 3]. The ex-
perimentally observed large amount of elliptic flow of multi-
strange hadrons [4], such as the φ meson and the Ω baryon,
suggest that collective motion develops in the early partonic
stage of the matter produced in these collisions. A crucial is-
sue to be addressed next is the thermalization status of this
partonic matter.
Heavy-flavor (c, b) quarks are particularly excellent
tools [5, 6, 7] to study the thermalization of the initially cre-
ated matter. As shown in Fig. 1, their large masses are almost
exclusively generated through their coupling to the Higgs field
in the electro-weak sector, while masses of light quarks (u,
d, s) are dominated by spontaneous breaking of chiral sym-
metry in QCD. This means that in a QGP, where chiral sym-
metry might be restored, light quarks are left with their bare
current masses while heavy-flavor quarks remain heavy. Due
to their large masses (≫ ΛQCD), the heavy quarks can only
be pair-created in early stage pQCD processes. Furthermore,
their production cross sections in nuclear collisions are found
to scale with the number of binary nucleon-nucleon colli-
sions [8, 9]. In the subsequent evolution of the medium,
the number of heavy quarks is conserved because the typical
temperature of the medium is much smaller than the heavy
quark (c, b) masses, resulting in negligible secondary pair
production. In addition, the heavy quarks live much longer
than the lifetime of the formed high-density medium, de-
caying well outside. These heavy quarks (c, b) can partic-
ipate in collective motion or even kinetically equilibrate if,
and only if, interactions at the partonic level occur at high
frequency. The idea of statistical hadronization of kineti-
cally equilibrated charm quarks [10] even predicted signifi-
cant changes in hidden charm hadron production [11]. Hence,
heavy-flavor quarks are an ideal probe to study early dynamics
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FIG. 1: (Color online) Quark masses in the QCD vacuum and the
Higgs vacuum. A large fraction of the light quark masses is due to
the chiral symmetry breaking in the QCD vacuum. The numerical
values were taken from Ref. [12].
.
Recent STAR and PHENIX results on elliptic flow and
nuclear modification factors of non-photonic electrons indi-
cate that charm quarks might indeed participate in the col-
lective motion of the matter produced in Au+Au collisions at
RHIC. To explain the data, a large drag diffusion coefficient
in the Langevin equation, describing the propagation of charm
quarks in the medium, is found to be necessary [13]. Two- and
three-body interactions [14, 15] of heavy-quarks and resonant
? 3.2: ???????????????????? [88]. ???????????, ???????????
Higgs??????????, ???????????????????????????????????
?????. ?????? (c; b; t)????, ?? Higgs?????????????, ??????????
???????????????????.
SU(3)V ????, ??????????? [72]:
mu = 2:2
+0:6
 0:4 MeV; md = 4:7
+0:5
 0:4 MeV; ms = 96
+8
 4 MeV;
mu=md = 0:38  0:58 ; ms=md = 17  22 : (3.5)
???????????, ????????????, Higgs????????????????. ??? (3.5)
??????, ?????????????????????????????????; mu 6= md. ???,
????????????????????, QCD????? ???mu;md ??????, SU(2)V ??
????????????????.
3.3 ?????????
??????????????? QCD ?, ?????????????????, ??????????
??????, ?????????????????????????????????. ?? QCD???
????? (3.1)????????????????????, ????????????????????,
???????????????????. ???? QCD ?????????????????????,
Nambu{Jona-Lasinio(NJL)?? [89, 90, 91]???????????.
18 ? 3? ?????????????????
3.3.1 Nambu{Jona-Lasinio??
NJL???????????????????????????????????. ??????????
QCD????????????????????, Dirac???   ???????????????:
LNJL = Tr  (i@  m) + 2GTr y+GD (det  + h:c:) ; (3.6)
???m = diag. (mu;md;ms)???,
()ij =  i(1  5) j = 1
2
ajiTr
 a(1  5) (3.7)
???. a(a = 0; 1;    ; 8) ? 0 = 1p2=3 ??? Gell-Mann ?????. nf = 3 ???, ??????
? (3.6)? 2??? 3??????? 4? Fermi????? 6? Fermi???????. G? GD ????
??? ( 2)? ( 5)??????????, ????? ??????????????????????.
n  2??????? In = Tr (y)n ???????? U(3)L U(3)R ?????, ??????????
?? U(1)A ????????????, U(1)A ?????????????????. ??????????
?? ID = det  + det y ????. ???? Kobayashi{Maskawa-t'Hooft(KMT)????????, -0
?????????????????? [92]. ????? NJL??????? (3.6)?, ?????????
???????? QCD????????????: m = 0????, SU(3)L  SU(3)R U(1)V .
NJL?????????????????, ???? 1???????????, ???????????
?, ????????????????. ?? QCD??????? (3.1)?????????, ??????
? gs ??????? mq ??????. ???????????????????, ??????????





hi =   1
4G






 ' : (3.8)
??? i ? a ???????????????????????. ??????????????????,
????????? 
  i i?, ? (3.8)???? hii????, BCS?????????????????
????????, ?????????????????????????. NJL?????????? (3.6)
?????????, ???????????????,
LNJL = L0 + LI ; (3.9)
??? LI ????????????????, ???? hLIi = 0????. ??????????????
??? L0 ?????????:

















??????????, ???????  i ???? i; a ????????????. ??????????
??????? NG? a ?, ??????????? (0; ;K;K0; K0; 8; 0)????:
 = a
a =




1A+ 0p2=31 : (3.11)
? (3.8)?????? '?? (3.10)????, ??????? L0 ????????????:
L0 = LK + LD + LM ; (3.12)
???,






















































































































 35 3 ;
?? LK ???????????????, ??????????Mi ??????????:
Mi = i +mi   GD
8G2
i+1i+2 ; (3.14)
??? 4 = 1; 5 = 2 ???. ??? i ??????????????????, ??????????

































































































8)  1 1 +
p
2+  1 2 +
p
2K+  1 3 +
p
2   2 1
+( 0 + 1p
3
8)  2 2 +
p
2K0  2 3 +
p
2K   3 1 +
p
2 K0  3 2   2p
3
8  3 3
o#
; (3.15)
20 ? 3? ?????????????????
?? LM ???????????????????????,












































































IV (Mi; ) ; (3.17)
??? IV ????????????????:

























??? 4??????? ?????????. 6?? Fermi?? GD ?????????, ???????
??? i ?????????????, ?????? 1 ???????????????????????
?. ????????? i ???? a ???????????????. ?????????? 1????
????????.
????????????????, ?????? (Chiral Limit; mi = 0) ????, ????????













???, Mcl ?? (3.14)????, mi = 0; i =  ?????. ?????????????, ??Mcl ??
???????????????????. ????, ?????????Mcl ???????, 4?? Fermi
????????????????Mcl ???????????. ????? NJL???????????
???????. ??????, ?????????????, ????????????????????.
??????????????? a;  ???? 2??????????????:
 (p



















2(Mcl; ) ; (3.20)
 (p














3ncIV (Mcl; ) ; (3.21)







Tr(=l   =p+ma)5(=l +mb)5




























Tr(/k + /p+m)(/k +m)
((k + p)2  m2)(k2  m2) ; I
D
'2(m; ) = I
B
2(m; ) : (3.23)
????????????? a ???? 2?????  (p2)?, p2 = 0?????????. ?????
??????????????. ??????????????, ?????????mi 6= 0????, ??
??????????????????. ?????  ???? 2?????  (p2)?, p2 = (2Mcl)2 ??
???????. ????, m2 = 4M2cl ??????. Mcl ????????????????????, ??
2Mcl ? 2????????   ??????????. ???????????????????? NJL?
?????, ???????????  ?, 2????????   ??????????????????.
??????  ???????????????. ???  ?????????????????? (3.10)
??, ?????????. ??? NJL???????????????????????????????.
???? 1 ??????? 2 ?????  (p2) ?????????????, NJL ????????? 
??????????. ????????????? Z ???????????:
 (p
2) =  (0) + Z
 1
 ()p
2 +O(p4) ; (3.24)
?? Z ??  ??????????????????,













































   VNJL(; ) : (3.26)
???? (3.25)???????????????? Z 1 ?, ???????????????,  ! 0???
?, ??????????. ??????????????? hi = 0????, ????  ????????
????.
Z( ! 0) = 0 ; (3.27)
????????????? hi 6= 0????, ???  ???????????????????????
????????, ?????????????? hi = 0??????????????, ????????
??????????? NJL???????. ???????????????????????????
???  ???????? NJL??????????.
22 ? 3? ?????????????????
3.3.3 ?????????
??? QCD?????????, ???????????????????????, ?????????
??????, ????????????. ??????????????? (3.12)????, ??????




















































































































































































??? IA2 ? IB2 ?? (3.22)????????????????, ???????????????????
????????:
M1 = mu + 1   GD
8G2
13 ; M3 = ms + 3   GD
8G2
21 : (3.33)
?????????? 2?????????????????,  ?K ????????????????:
 (p
2 = m2) = 0 ;  K(p
2 = m2K) = 0 ; (3.34)


















h0jTr  5 1
2
(1 + i2) 
+(p) = ip2fp ; (3.36)
h0jTr  5 1
2
(3 + i1) 
K+(p) = ip2fKp : (3.37)
3.3 ????????? 23
? 3.1: ??? (3.39)??????????? NJL???????. SU(2)V ???????????.
????? (2GQCD) 1=2 ( GQCDD ) 1=5 QCD mu ms
? [MeV] 361 406 930 5:95 163
? 3.2: NJL??????????????. ??????????? 3.1??????.











??? 8-0 ????????. 6? Fermi????????????; GD = 0????,
 8(p
















































?????? 0 ???????????????????. ??? GD = 0?????, ? (3.38)?????
??, ?????????????????????????. ????? KMT????????????
??????????.
NJL???????????? (G;GD;)??????? (mu;ms)????. ???????????
??????????????????????????????. ??????????????????
????:
m; mK ; m; m0 ; f; fK : (3.39)
???????????????????????? 3.1????. ??? 3.2? NJL??????????
????????. NJL?????  ????? 16%????????????????. ??? NJL??
??????????????????? [94, 95].
???????? QCD????????????, NJL???????. ? 3.1???? NJL?????
???????, ???????????:
G1=2 = 1:82; ( GD)1=5 = 2:29 : (3.40)
?????????????????? (mu;ms)??????????, ???????????????,
Fermi???? (G;GD; )??????????, ?????????????????? ??????
????.
24 ? 3? ?????????????????
? 3.3: ?????? Nf = 2 + 1???????????? QCD???????????????????
?; Columbia???????. ???????????, ?????????? (mi = 0)?????.
3.4 ???????? QCD???
??????????????????????. ?????????, ???????????????
???, ?????????????????????????. ? 3.3?, Columbia???????, ??
?????? QCD?????????????????????; ????????? Nf = 2 + 1???.
QCD??????????? 2????????, ?????????; ?????? (mi = 0)????, ?
?????????, ???????????? (mi ! 1, ??? Yan-Mills ??)????, ??????
??. ???????????????????????, ????????????????? [96, 97]. ?
?, ?????????????, ????????????. ????????????, ????????
???????????????. ??? QCD??????????????????, ????????
??????????? [65, 66, 67]; ? 3.3??????????????.
??????????????, ???????????????. QCD ??????????????
???????, ???????????, ????????????????? [98].*1 ????? QCD?
??????????, ???????????????????????. ???????????, ???
?????????????????????. ???????????????, ??? QCD?????
?? Columbia ?? (? 3.3) ???, ??????????? (??????) ?????????????
?. ???????????????????, ????????????? QCD???????????
??????. ?????????, NJL???????????????????????.
*1 QCD?????????????, ????????????????????????????????? [99]. ??????
?????? QCD ?????????????, ?????????????????? [100]; ????????, QCD ??
?????????????????.
3.4 ???????? QCD??? 25
3.4.1 NJL???????????????????
???????? NJL??????, ????????????????, ??? 1??????????
??????????:
VPT(i; T ) = VNJL(i) + VT(i; T ) ; (3.41)
??????? VNJL ?? (3.17)?????, ????????????????????? VT ?????
????:











?????????????????? JF ?? (C.1)??????; ??????????????????
??? (C.2)????????????????. ????????????????????, ?????
??????? U(1)A ???????????? KMT ?????? 3 ?????. ?????, 6 ??
Fermi???? GD ?, NJL??????, -0 ???????, ???????????????????.
QCD ???????????????? NJL ??????? (? 3.1) ????, ??????????
???????. ??????Mi ???????? 3.4???; ?????????????? (? 3.1)?
???Mu, ??????????? (mi = 0)?????. QCD???????????????, ???
?????????????????????????????????????. ??????????
Tc ' 69 MeV???, ?????????????????, NJL??????????.*2
?????, ??????????????????????. ?????????????, ??????
??????????, ?????????? (2.44)?, ???????? S ????????, yS   ??
?, ?????????mc = y hSi????????. ????????????????????, ???
???????????????????????. ?????????, NJL?????????  ???
???????? S ????????????????????, ????? 5???????.
*2 NJL??? QCD???? QCD ???????????, Tc=QCD ' 0:07419
26 ? 3? ?????????????????
Mu(mu = md,ms)
M (mi=0)













? 3.4: ?????????????????????Mi ??????. ???????? 3.1??? NJL





?????????, ??????????????????, ????????????. ???
???????????????????????????, ??? QCD??????????





??, ?????????????????????????, ???????????????, ????
???????????????????. 1933 ? F. Zwicky ?, ??????????????????
???, ???????????????????????, ?????????????, ????????
???? [7]. ??????????, 1980? V. Rubin??, ?????????????????????
???? [8], ?????????????????????????????? [9]. ??????????
[10, 11]????, ??????????????, ????????????, ?????????????
??????????, ?????, ??????????????????????????. ??????
?????????????? [101]?, ????????????????????, ??????????
??????. ????? 2????????????????????????????, X??????
? 2 ?????????????? [14] ????????????. ?????????????, 2003 ?
?????????????????? (WMAP)? CMB??????????????????????
??????? [12]????, ???????????????, ?????????????? 5????
??????????, ??, Planck????????, ?????????? [13, 72]:
h2
DM = 0:1186(20) ; h
2
b = 0:02226(23) : (4.1)
?????????????, ??????????, ????????????????????. ????
???????????????????????, ??? QCD???????????????????
?????????.










??????????? X ?????? X ?????, ????  ??????  ??????????
??,
X + X $  +  ; (4.2)
???, CP?????????,  ???????????????; nX = n X ; n = neq . ????WIMP
???? nX ????????? Boltzmann??????,
dnX
dt
+ 3HnX =  hvi

n2X   (neqX )2

: (4.3)
??? H ? Hubble ????????, hvi ????????????????. ????????
s = (22=45)gS(T )T 3?????? T ????, ? (4.3)??????. ???????? (S = sa3 = ??)
??, ds=dt =  3Hs ???. ?????????, T  mX ????????, ?????????






Y 2X   (Y eqX )2








??? Y eqX  neqX =s???, ?????????; H = H(mX)=z2. ??????? Y1X  YX(z = 1)?,






Y 2X (z > zf ) : (4.5)


















































4.1 ???????? QCD???? 29
?????. ?????, H0 = h 2:13 10 42GeV? T0 = 2:725K = 2:348 10 13GeV, gS(T0) = 3:91










???, gS(mX) = g(mX)???. ??????? X ?,
phvi  0:1pGF ?????????????
? (WIMP)??????, ?????????, ??????????, ??????????????. ?
????WIMP???? GeV-TeV????????, ???????????????????????
??, ??????????????????WIMP?????????.
??????????, ???????????????????, ??????????, ??????
????????????. ??????????, ?????????????????. ???????
?????????, ?????????????????????????????????, ?????
LHC????????????????????? [102, 103, 104, 105]. ???????????????
??????????????. ???????, ??????????????????????, ???
??????????????; ?????????????????????. ???????, LUX[33],
PandaX[106]?XENON[34, 107]???. ??????????????????????????????
?????????????, ???????????????????. ???????, ????????
????????????????????????. ?????????, AMS[108, 109], PAMELA[110],
Fermi-LAT[111, 112, 113]? H.E.S.S.[114, 115], DAMPE[116]?????.*1
4.1.2 ??? QCD????????????????
3?????, QCD?????????????, ?????????????????????????
?????. ??????????????????????? U(1)V ?, ???????????????
??, ???????????????, QCD??????????????????????, ?????
???????????? SU(2)V ??, ?????????, ?????????????????. ??





Tr GG +Tr  (i
D  mc) ; (4.10)
???, G ???? QCD????????????, G ???????,  i (i = 1; : : : ; nf )? SU(nc)H
??????????????????????????. ???????????, ??????????
??????????????????????????????. ??????????????????
???????, ?????????, ??? QCD???? H ????????????????????
?mc ???????, ??????????????:*2
 H  mc
???QCD??????, ????????????????????????????????. ?
??????????????????????, ????????????mc ???. ??????
??????????????????????, ???????? NG?????????, ????
*1 ?????????????????????, http://lpsc.in2p3.fr/mayet/dm.php.
*2 [117]????? QCD?????????????????????????????????.
30 ? 4? ???????????????????
m ' 2mc ???????. ????????, ?????????????????? mB ' ncmc
???, ???????????????????, ??????????. ????????????
??????????????????????????????? [118]. ????? QCD ???
?, ????????????????, ?????????????????????, ??????
?? T  H ????, ???????????????????. ??????, ?????????
?, QCD????????????, ????????????????.
 H  mc
???????????????????? H ???????????????????. ????
???????????????????????, ????????? m2  mcH ?? NG ??
???. ????????????????, ??????????????????. ??? QCD
????? H  QCD ???????, ??????? 3 ! 2 ????????, ???????
???????????????? [119]; SIMP(Strongly-interacting-massive-particle) ?????
?, ?????????????????????, m  O(100) MeV ???. ????? QCD
????? TeV ???????????, ????????????????????????, ?
?????? WIMP ?????????????????, ?????????????????
[26, 27, 28, 29, 30, 31, 120]. ??????????, ??mB  H ??????????. ????
????????????????????, ?????????????????????????
?????????; ??????????????????????????????. ??, ???
?????????????, ????????????????????, [121]? QCD?????
??, ????????????????????????????????????:
mB  H  O(100) TeV : (4.11)
??????????????????, ??? QCD???? H ?????????????. ?
???? QCD???? H ???, ??????mc ??????????, ???????????
????.
????????????, ???????????????????; ?????????, U(1)?????
???????????????????????. ?????????????????, TeV?????





??????? SU(nc)H ????, ??????? Higgs???????????????????????
?????? S ?????. ??? QCD?????????????????????:
LH =  1
2
Tr GG +Tr  (i
@ + gH
G + g
0QB   yS) ; (4.12)
??????? \Tr"??????????????????????. G ???? QCD????????
????, G ???????, B ????????? U(1)Y ???????;
B = cos WA   sin WZ ; g0 = e= cos W : (4.13)
4.2 ????????????????? QCD????????? 31
??  i (i = 1; : : : ; nf )? SU(nc)H ??????????????????????, ??? U(1)Y ???
Qi = Q??????????????????.???????????, ???????????????
???????, ??????????????????????????????:
LT = LH + LSM+S : (4.14)










??? HT = (H+ ; (h+ iG)
p
2)?????? Higgs 2?????, H+ ? G??????????? NG
????. ??????????????????????????, ???????????,
0 < H ; HS ; S < 4 ; jyj2 < 4 ; (4.16)
2
p
HS   HS > 0 ; (4.17)
???????????????, ???? y ? HS ??????????.
???????????? Higgs??????????????????????:
 ???????????????????, ??? QCD????????????????????
????????????; 
    6= 0. ???? NG?????????????????.
 ?????????????????????, ?????? S ??????? \ yS   " ?????
??????????; hSi 6= 0. ?????????, ?????????????????????
??????, y hSi??????????????????. ??????????????????.
 ?????????????????????????????????????, ????????
???????????????????.*3








??????? hhi????????????. ?????????????????, ?????????
???? QCD???? H ???????????.
4.2.1 ??????
??? QCD???????????? (4.12)?, ?????? (yij = 0)??????????????
????????????:
SU(nf )L  SU(nf )R U(1)V U(1)A: (4.18)
?????????????????????????????, U(1)V ??????????????, ?
?????????????. ?? U(1)A ??????????????, ??? Z2nf ????.?????
*3 Q = 0??????????????????????????.
32 ? 4? ???????????????????
??? 
  i i????, ????????????? SU(nf )L  SU(nf )R ?, ??????? SU(nf )V ?
???????. ???????????? NG??? a (a = 1;    ; n2f   1)????.
???????? yijS  i j ?????. ???????????? Z4 ???;
Z4 :  i ! ei5 2  i = i5 i; S !  S: (4.19)
??????? Z4 ? U(1)A ???????, ?????????????????? nf ?????. ??
?? nf ????????, ????????????? U(1)A ???? Z2nf ??????, ???????
Z4 ???????. ??? nf ????????, ??????? Z4 ? Z2nf ?????????, ????
?????????????, ?????? S ??????????????????????. ?????
???????????????? nf ????????, ???????????????????????
????????.
??????? y ???? NG ??????????, ?????????????????????
SU(nf )V ??????. ??????????????????????????, ?????? yijS  i j
????????????????????. ???????????????? yij ?,  i ??????
?????????:
yij = yiij (yi > 0) : (4.20)
?????????????? SU(nf ) ???????????? U(1)nf 1 ????, ??????
?? U(1)V ???, ???????????????????. ?????????????????
U(1)nf 1  U(1)V ??????. ????????????????????? SU(N)V (N < nf )???
????, U(1)nf 1 ???, ??????? U(1)N 1 ????????? SU(N)V ?????; ?????
???????? SU(N)V U(1)nf N ???. ?????????????????? yi ?????.
4.2.2 ??????
?????????????????????????????????, ?????????????
???, ?????????????????????. ?? NG?????????????, ??????
???????????????????, ??? QCD????????? O(1)TeV?????????
???. ???????WIMP?????????????. ?????????????????????
???????? nf = 3?????, ???????????????????????????????
????.
nf = 3????????????????????????:
(i) y1 6= y2 6= y3 U(1)B0 U(1)B U(1)V ;
(ii) y1 = y2 6= y3 SU(2)V U(1)B U(1)V ; (4.21)
(iii) y1 = y2 = y3 SU(3)V U(1)V :
??? U(1)B0 ? U(1)B ??????????????????????????????????:
QB0 =
0@ 1 0 00  1 0
0 0 0
1A ; QB =
0@ 1 0 00 1 0
0 0  2
1A : (4.22)
???????????? U(1)V ?, U(1)Y ????????????????; QY = Qij .
4.2 ????????????????? QCD????????? 33
? 4.1: nf = 3??????????????
~0 ~+ ~  ~K0 ~K+ ~K  ~K0 ~
QV = QY 0 0 0 0 0 0 0 0
QB0 0 2  2  1 1  1 1 0
QB 0 0 0 3 3  3  3 0
SU(2)V 3 2 2 1
SU(3)V 8
??? nf = 3??? NG???????????? 8???,
 = a
a =












????. ??? a(a = 1;    ; 8)? SU(3)??????? Gell-Mann??, ?????????????
?? \ ~ "?????. ? 4.1?????????????????????. ?????????? 0???
??????, Q 6= 0?????????????????????????. ? (4.21)?????????
??? (i) ?????, U(1) ??????????????????, ???????????????. ?
?, ??????????????????????????; (i) ~0, ~ (ii) ~ . ??????? Q = 0??
? m~0;~ < 2mS ??????????, Q 6= 0????? 2?????????. ???????????
????????????, ????????????????????????????, ????????
?????.
?????????? U(1)V ?, ???????????????. ????? Q = 0?????????
??? (?????)?????????????, Q 6= 0??????? ncQ( ncQ)??????????
??, ???????????. ??????????????????????, ????????????





??????. Planck ?????????????????????????. ???????? TeV ?
???????????????????????, Planck????????? (4.16)?????????
























??? g = g2; g0 =
p
3=5g1 ???. ??? QCD??????? (nc; nf )???????, ???????
????????????????, ??????????????????; 11nc > 2nf . ???????
???????? Q?????????????, Q 6= 0????????? (nc; nf )?????????
34 ? 4? ???????????????????















? 4.1: S{y ??????????????????? (4.16)??????????? (4.17)??????
?????. H(q0) = 0:135????, ?, ?, ????????????? HS(q0) = 0:1; 0:06; 0:02??
??? [31].
g1 ???????????, Planck??????? Landau???????????. ??, ??????
????????? QCD??????????????? nc = nf = 3???. ???? Q . 0:8???
?, g1 ? Planck??????? Landau????????????. ?????????????????
?? yi ??????; yi = y. ????????????, ??????????????,
162H = H









+ 22HS + 18
2





?????????????????????? SMX ????????. ??????????? S ?,
??????????????????????, ???????????? Landau ????. ????
? Planck?????????? (4.16)????? S(q0)?????????. ????????????
(4.17)??, ????? H(q0); HS(q0)???? S(q0)??????????????. ? 4.1? Planck
????????? (4.16) ??????????? (4.17) ???????????? S{y ?????;
Q = 1=3 ????, q0 = 1 TeV ???? H(q0) = 0:135 ????, ?, ?, ?????????????
HS(q0) = 0:1; 0:06; 0:02?????. ?? HS(q0) & 0:12????, ????????????????
????????. ??????????????????, Q?????????????, Q < 0:8???
???????, ????????????????????? yi ?? 4.1????????.
4.3 ?????????? NJL???????
??? QCD????????????????????????????, ?????????????
????????????, ????????????????????. ???? nc = nf = 3??, ??
4.3 ?????????? NJL??????? 35
????????????????????, ?????????.
?????? NJL???????????????????, ??????????????? (4.12)?
?????????????. ??? QCD???? H ???????????????????????
?: LTjH = LNJL + LSM+S ,
LNJL = Tr  (i@ + g0QB   yS) + 2GTr y+GD (det  + h:c:) : (4.26)
???????????????? NJL??????? (3.6)????, U(1)Y ???????????, ?
???????????????????????; m! yS. ?? U(1)A ????, KMT????? Z6 ?
?????, ???????????????????????? Z4 ???????????.
????????????????????????, ???????????????????????
???????????: Ve = VSM+S + VNJL,











IV (Mi; H) ; (4.27)
?????????????????? VSM+S ?? (4.15)????????, ???? IV (m; )?? (3.18)
?????, ???????????????????Mi ??????? S ????????:
Mi = i + yiS   GD
8G2
i+1i+2 ; (4.28)
??? 4 = 1; 5 = 2 ???.
??????? QCD????????????, ???????????? NJL???????????
???????,
G1=2 = 1:82; ( GD)1=5 = 2:29 ; (4.29)
????????  ??????????. ??????? QCD ???? H ?, ????????
Ve(h; S; i; H)???? Higgs??????? hhi = 246 GeV ????????????. ??????
??????????? (H ; HS ; S ; yi)????, ???????????????????.
??????????????????, ???????????????????????? 2????
????????????. ??? CP-????????? Higgs??, ?????? S ???????? i
?????. ????????????? ' = (h; S; i)??????? s?????????:
'i = 
(j)
i sj : (4.30)





j = 0 ; (4.31)
??? CP-?????????? 2??????,
 hh(p
2) = p2   3H hhi2 + 1
2
HS hSi2 ;  hS = HS hhi hSi ;  hi = 0 ;
 SS(p
2) = p2   3S hSi2 + 1
2




2;Mi; H) ; (4.32)




(p2) =  yincI'2(p2;Mi; H) ;  (i)ii(p2) =  
1
4G








'2(Mk; H) (i 6= j 6= k) ; (4.33)
36 ? 4? ???????????????????










2;M1; H) ;  
(i)
S3
(p2) =  y3ncI'2(p2;M3; H) ;
 (ii)11(p


























































'2(M1; H) ; (4.34)










2;M ; H) ;
 (iii) (p











2;M ; H) +
GD
G2
3ncIV (M ; H) ; (4.35)
??????? I'2 ; IV ?? (3.23)??????. Higgs????????? 1 ??????? s1 ???,
?????m1 = mh = 125:09 0:24 GeV [72] ???. Higgs??????? S ????, ???????
? Higgs?????????????, ??? LHC???????????????: (1)1 > 0:99 [72].
CP-???????????????????????, 1??????? 2?????  (p2)????
???????, (ii) y1 = y2 6= y3 ??????? 3.3.3???????????????. ???????
??????????????? Mi ?? (4.28) ???, ??????????????????????
mi = yiS ???. ????????????????????? yi ?????. (iii) yi = y ????? 1
??????? 2?????  (p2)?????????:
 (p
















 (M ; H); (4.36)
?????????, 8????????????????????.
4.3.1 ??????????????
???????????????????????. ??????? (H ; HS ; S ; yi)???????, ?
???????????????????????. ? 4.2? (ii) y1 = y2 6= y3 ?????????????
(?) ???? QCD ???? H(?) ??????? y1 ??????????: ????????????
H = 0:135, HS = 0:06, S = 0:13??, y3 = 0:00424?????. ? 4.2(?)??????, ??????
??????????????????? yi ????, y1 ! y3 ????????, SU(3)V ???????
?????? [(iii) yi = y ????]???, ???????????????????. ??? 4.2(?)??
????, ??? QCD???? H ? yi ?????????, ?????????????????. ??
? Higgs??????? hhi = 246 GeV ???????????????. ???????? QCD???
? H ?, ??????????????????????? HS ???????????. HS  O(10 2)
???, ??? QCD?????, H  O(1) TeV?????????.












































? 4.2: y1 = y2 6= y3 ??????????? (?)???? QCD???? H(?)??????? y1 ??
?. ????????? H = 0:135, HS = 0:06, S = 0:13??, y3 = 0:00424?????.








































? 4.3: ????????????? S ??? (?)???? QCD???? H(?)??????? y ???:
??????????? H = 0:13; S = 0:08??, ???? HS = 0:001 (??); 0:002 (??)????.
?? HS  O(10 3)???, (iii) yi = y ?????????????. ? 4.3????????????
???????????? S ??? (?)???? QCD???? H(?)??????? y ???????
????: ??????????? H = 0:13; S = 0:08??, ???? HS = 0:001 (??); 0:002 (??)
????. ? 4.3(?)?????? HS  O(10 3)???, ??? QCD?????, H  O(10) TeV??
?, HS ???????????????. ? 4.3(?)??????, ?????? y ????, mDM > mS
????????????????. ??????????????????????.
38 ? 4? ???????????????????
4.4 ????????????????
??? QCD???????????? (4.12)????, ??????????????????????
????: (iii) yij = yij . ?????????????????????????????????????
??????, ?????, ???????? NJL??????????????????????????.
??????????????????????????????????, ??????????????
????????, hhi = 0??????????. ?????????????????????? 1???
?????????????????:
VEFF(S; ; T ) = V
h!0
SM+S(S) + VNJL(S; ; H) + VCW(S) + VFT(S; ; T ) + VRING(S; T ) ; (4.37)

























2(S; )=T 2); (4.39)

















T 2 ; (4.41)
??? m2S(S) = 3SS2 + O(y2)???, ??? QCD???? H ????????? S ???????,
???????????? (H ; HS ; S ; y)????, ?????? Higgs???????????????
??????. ??????????????????????? (C.1)??????.
? 4.4 ???????? hMi =T ?????????: ??????????? H = S = 0:13; HS =
0:02????, ??????????? y = 0:005 (?); 0:006 (?); 0:007 (?)????. ????????
????????, ???????????????????????? y ???????, y . 0:006???
?????, ?????????????????????????. ??????, ???????  ???
??, ?????? S ???????????????????????. ?????? QCD??????
?????? (4.12)???????????,
LH   yS   (4.42)
????????. ??????????? S ??? 2???? (S; )?????????????????
??????????, ????????????????? (2.44)????????????????.
4.5 ????????????????
??????????????? (4.12)??????????, ????????? NJL???????
????????????, ?? [29, 30, 31]???????????.
4.5.1 ??????????????
???? Q 6= 0, (i){(iii) ???????, ???????????????????????????
? [31]. ???????????????????????????????????????????,
4.5 ???????????????? 39
? 4.4: hMi =T ??????: ??????????? H = S = 0:13; HS = 0:02????, ?????
?????? y = 0:005 (?); 0:006 (?); 0:007 (?)????.
yi . 0:006. ??? yi ???????????????, mS > m ????. ??????????????
?????????????????, (i) y1 6= y2 6= y3, ? 4.1??????, ??????????????
?????. ???? Q 6= 0?????, ~ ! 2 ?????. ????????????????????
???????, ????????????????????????. ??, (ii)? (iii)?????????
???.
 (ii) y1 = y2 6= y3 : SU(2)V U(1)B
???????????, ????????????, ????????,
1 = ~ ; 2 =








??????????? 4.5???. ????????, ???????????:
{ ii $ SM();SM()
S ???????????, ?????? G2iS ???. ?????????????????
?????, ???????????????????????????. ????????
G2i2 / (eQ)2 ?????, ????????, ???????????, ???????????
???????????:
hv(ii $ SM;SM)i  10 11 GeV 2 ; (4.44)
hv(ii $ )i  10 14 GeV 2 : (4.45)
S ???????????, s-????????????? (2mi ' mS)?????, ?????
????????????????????.
{ ij $ kl
????????????????????, ???????????????????????;
hv(ii $ jj)i  10 5 GeV 2 ; (4.46)
40 ? 4? ???????????????????
??? GK2=G2K2  10 4 ?????, ii $ jj ????????.
{ 1 ! 2
??????????? 3; 2 ?, ???????????, ????????????????
?, 1 ???????????????:
33; 22 ! 11 ! 4 : (4.47)
??????????, ???WIMP??????????????, ??? QCD????????
???????????????, ??????????????????. ???????????
????, 3 ??? 2 ???????????????.
 (iii) yi = y : SU(3)V
??????? QCD?????????????????????, ??????????????
??????? 4.6?????. ???????, ????????????????????, ???
???? (2m ' mS)????, hv($ SM;SM)i???????????????.
(ii) y1 = y2 6= y3 ? (iii) yi = y ?????, ?????????????, ?????????????
?. ??????????????????????????????????. ???????????
???????????, ???????????????????????, ????????????
?? (??  ?) ???????????????????. ? 4.7 ?????????????????
?. ??????????????????????????? 4.8 ?? 4.9 ???; ??  ??????
?????? Fermi-LAT[111, 112] (?) ? H.E.S.S.[115](?) ????????, ???????????,
XENON1T(2017)[34] ???????. ???????? Q = 1=3 ????, Planck ?????????
????????????????, ??????? (H ; HS ; S ; yi) ???, Higgs ?? mh ' 126 GeV,
h{S ??? (1)1 > 0:9, ???????? h2
DM = 0:12  0:01 ???? [31]. ??????, ???? (ii)
y1 = y2 6= y3 (?) ? (iii) yi = y (?) ?????. ????????????????????????
?????, ????????????????????????????????. ?????????
XENON1T?, ???? O(10 47) cm2[122]???, ????????????????? (ii) y1 = y2 6= y3





? 4.5: (ii) y1 = y2 ????????????????. ??? 1 = ~, 2 =








? 4.6: (iii) yi = y ????????????????.
? 4.7: ??????????????? (?)?????????????????? (?).

























FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux




























CGH BM4-like (IB only)
CGH BM2-like (IB only)
CGH monochromatic
extragalactic BM4-like (IB only)
extragalactic BM2-like (IB only)
extragalactic monochromatic
FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.
20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
 (TeV)χm























FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].
and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density
distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, 〈σv〉χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.
SUMMARY AND CONCLUSIONS
For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the
central Milky Way halo were used to calculate upper lim-
its on 〈σv〉χχ→γγ . Limits are obtained in a neutralino
? 4.8: ??: ?????????? (??  ?) ??????????????????????????;
Fermi-LAT[111, 112] (?) ? H.E.S.S.[115](?). ??: ????????? (Q = 1=3); (ii) y1 = y2 6= y3
(?) ? (iii) yi = y (?), Planck ?????????????????????????, ???????


















































? 4.9: ??: ?????????????????????????????????????????;
XENON1T(2017)[34]. ??: ????????? (Q = 1=3); (ii) y1 = y2 6= y3 (?) ? (iii) yi = y (?),
Planck ?????????????????????????, ??????? (H ; HS ; S ; yi) ???,
Higgs??mh ' 126 GeV, h{S ??? (1)1 > 0:9, ???????? h2








?????????. ??????? Physical Review D???????? [127]????.
5.1 ????????????








????? Tg ????????????? f ?, ?? T0 ???????????????: ???????









??? a(T0) = 1??, gS ??????????????????????; s(T ) = (22=45)gS(T )T 3. ?

































































































46 ? 5? ????????????????
? 5.1: ????????????????????????.
??? H0 = h  2:13  10 42GeV ????. g ??????????, ?????? Tg ????, ???
???????????????????. ???????????????????, ?????????
??????????????; ??????????????????????????????????.
2015 ? 9 ? LIGO ????, ?????? (GW150914) ???????? [35]. ??????????
?? (BH-BH)??????????????????. ?? 2017? 8???, ???????? (NS-NS)
???????? (GW170817) ?? [123] ?, LIGO-Virgo ?????????. ???????????
???????????????, ????????????????????????????????.
LIGO-Virgo???? f  O(102) Hz????????????????. ????? f  (0:01  1) Hz?
??????????????????????????????????; ESA??? LISA[42, 43]?, ?
? 2030??????????????, ?????????? DECIGO?, LISA???????????
??????????????? [44, 45, 46, 47]. ?????????????????? [124, 125]?, ?
?? f  (10 8) Hz??????????, ?????????????????????????????.
? 5.1??????????????, ???????????????????????????????
?.*1 ???????????????, ?????????????????????, ?????????
????????, ??????????????????????????????. ????, ?????
??????????????????????????????, ??????????????????
???????????.




???????? 2???????, ?? 2??????????????. ???????????, ???
?????????????????????, ???????????????????????????
















' ????????????????????? [132, 133,
134, 135, 136, 137], 
sw ?????????????????? [138, 139, 140, 141], 
turb ??????
??????????? (MHD)?????????? [142, 143, 144, 145].
??????????????????? (Tt; ; ~)?, ?????? vw ?, ?????????????
























f' = 16:5 10 6 ~

0:62


























































3 (1 + 8f=ht)
; (5.13)
?????? fturb ????????,

















?????????? turb = v ???????????????, ????  = 0:05???? [42].
??????????????????????????????????. ???????? vw ???
???????. ???? vw ????????, ?????????????????????????, ?
???????????????. ??, vw ??????????, ??????????????????
?????????????. ?????????????????, ?????????????????
??????? [146, 147]. ?????????, ???????????????????, ???????
??????????????????????? (5.6)?????????, ?????????????
??????????????. ????????? ??????????????? 1 ???????
??????????:










+ ) 1 (vw  1) ;
v
6=5
w 6:9(1:36  0:037p+ ) 1 (vw . 0:1) :
(5.16)






???????????? ';v ? 1 ??????????????? [42]:
'  1  1

; therm  (1  1)1









??? 1 ?? (5.16)? vw  1??????, therm ??????????????.
?? 1  ???????, ?????????????????????????????, ?????







  = A(t) exp [ SE(t)] ; (5.18)
??? SE ????????????. ???????????????????, ???????????
?????? SE ' S3=T ????. ??? S3 ? 3?????????????.*2 ???????????






' 1 ; (5.19)









??? Tt ?????????, Ht ?????? Hubble ????????. ???????????? Tt
???? 2??????? ;  ????????????????????. ????????????,






????? Tt ?????? ??????????? rad(Tt) = (2=30)g(Tt)T 4t ?????????, ?
? ????????????????????????????:
(T )   VEFF(T ) + T @VEFF(T )
@T
; (5.22)
??? VEFF(T )? 2?????????????????. ???????  ????????????:























??????????????????? S3(T )=T ???????????????, ?????????










ca ??? a???? (??????????? 1=2)???, m2a(')? 2?????????? a????
?????. ???????? vw ?, ???????????????????????. ????????
???????????????????.
*2 ???????????????????????? [128, 129, 130]???.
50 ? 5? ????????????????
5.3 ????????????????
NJL????????????, ???  ?????????????????? (3.10)??, ?????
??????. ????????????????????????????, ??????? 3?????
????? S3 ??????????. ?????????, 3.3.2????, 1??????? 2??????
????  ???????????, ????????????????????????????????















+ VEFF(S; ; T )

; (5.26)
???, ????????????? VEFF ?, ? (4.37)??????. ?????????????????
??????????????:




















  322  AF (u2) BF (u2) ; (5.27)
??? u =M=T ??, ??????????????????M ?? (4.28)???, ?????? AF (u2),
BF (u


















= Z(S; ; T )



















@VEFF(S; ; T )
@S
; (5.29)











r!1(r) = 0; limr!1S(r) = 0 : (5.30)
????????????? Z(S; ; T )??? r ??????, ?????????????.
???????????????? Z(S; ; T )????, ?????????????????, ????
???????????. ? 5.2? S = 0???? Z(S; ; T )??  ????????; T=H = 0 (??),
0:01 (??), 0:02 (??), 0:03 (??). ? 5.2??????, Z(S; ; T )?????????????? 0?
????????. ?????, ???? (5.30)??????, ?????????????? (S =  = 0)
??????????, ?????????????????. ????????????????????,
??????????  ????????????. ??, ???? (5.30)????? (???)????, S
???????? (5.29)???? Z(S; ; T )??????, ????????. ????, 2???????
??????????, ?????????????????.
5.3.1 ???????? 1??????????
1???????????????????, ????? (Overshooting/undershooting method)????
??? [48]. ?????, ??????????????????????????????: ???????
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? 5.2: S = 0???? Z(S = 0; ; T )?  ???: ??? T=H = 0 (?); 0:01 (?); 0:02 (?) 0:03 (?).














'0(0) = '(1) = 0 ; (5.32)
??? V (0; T ) > V ('true; T )???. ??????????, ??????  V ('; T )????? '(0) = 'e
?, ??? '0(0) = 0???????? '?, ????????? (5.31)??????, ?? '(1) = 0??
??????. ???????? '(0) = 'o > 'e ???????, ??????? (Overshooting), '(0) =
'u < 'e ???????, ????????????? (Undershooting). ??????, 0 < ' < 'true ??
?????? 'e ?????????????????. ?????, 'e 6= 'true ????????. ????
?? 'e ?, ?????????????, '0(Rc) = '(Rc) = 0??????????????????.
?????? S ???????, ???  ??????????????; ???????????





















?????, ? (5.30)??????, VPT ?, NJL??????????????????????????
?????? (3.41)???. ?????????????????????, ??? QCD???? H ??
?????. ?????????, ????? T=H ???????????????? 5.4????: ??
?, T=H = 0:055 (?), 0:060 (?), 0:065 (?), 0:070 (?), 0:073 (?), 0:074 (??). ??????????
???????????, Tc=QCD ' 0:0742????. ???? Tc ???????, ??????????
Rc ???????????, ?????????????, ??????????????????. ???
????????????? Z(; T )????????, ????????? 1??????? (r)???
52 ? 5? ????????????????
? 5.3: ??????????????????.















? 5.4: ?????? (mi = 0)?????????????????????: ???, T=H = 0:055 (?),
0:060 (?), 0:065 (?), 0:070 (?), 0:073 (?), 0:074 (??).
??????????. ???????????????????? 5.3????????????????
?????????, ????????????????? Z(; T )??????????????????
???. ??, ????????????????, ?????? VEFF(; S; T )?????????????.
5.3.2 ?????????? 2??????????
1 ???????????????????, ??????????. ?????, ??????????
?????????????????. ?????????????????. ????????? (Path
deformation method)??????? [131]????, ????????????????????????
? 2???????????????. ?????, ???? 2???????????????????, 1
?????????? 1???????????????????????????. ??????????
??????.
????? (r); S(r)????? (5.30)????????? (5.28, 5.29)?????, ?? r ??????
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???????. ?? r 2 [0;1)????  ????  1 ??????????. ????????  1  
????, r =  1((r))???, r?????? S(r)?, ???  ?????????: S(). ??????













































= FS(S(); ) ; (5.35)
???? (5.28)? (5.29)???? F(S(); )? FS(S(); )???, ?? T ?????????.
???? S()??????, ? (5.34)? 1???????????, ????????????????
?? (r)??????????. ????? S()??????????, ? (5.34)???????? (r)
????? (5.35)????; ????? (5.34)?? (5.35)????????,

































?????????? (5.28, 5.29) ???? 2 ??????? (r); S(r) ???????, N(r) = 0 ???
????????? S() ???????????. ??????, {S ???????? S() ????,
N(r) = 0??????, ????????????, ?????????????????. ????? (?)








   S+ SS ; (5.38)
??? (SB;S ; B;S) ????????????????????, ????? SS = S = 0 ???. ??
S() = S0()???  ????????? (5.34)????????????, ?????????? 0(r)
???.*3
??????? 0(r) ? S0(0(r)) ?? (5.37) ??? N(r) ????, ??? N0(r) ???. ???
S0(0(r))???????????, N0(r) 6= 0???. ???????? S1()???????????:
S1() = S0() + S0() : (5.39)
??????? (r)???? 0(r)??????????. ???? N0(r)?  ?????????:
N^0()  N0(r =  10 ()) : (5.40)
N^0()????? Z(S; ; T )? VEFF(S; ; T )?,  ? S ??????????????? 0?????, ?
??????? N^0(0) = 0??????. ?? N^0() = 0??????  ?????, ???? S0() = 0
*3 ??????? (5.30) ????? 0(r) ?, 0(0) 6= B ???, ??? S0() ?????????????????:
S0(0(0)) 6= SB .
54 ? 5? ????????????????
? 5.5: ????? (?)?????? (?)?????????????.
?????????. ?????????S0()? N^0()??????????, (i+ 1)????????
?? Si+1()???????????:
Si+1() = Si() + kN^i() ; (5.41)
k ?????????????, N^i() = Ni(r =  1i ())???. ?????????? Si+1()?????
lim!0 Si+1() = 0????. ?? i+1(r)??????, i+1(0)????????? di+1(r)=drjr=0 = 0
? limr!1 i+1(r) = 0?????????????????????. ???? di+1(r)=drjr=0 = 0??
??????, ???? dSi+1(i+1(r))=drjr=0 = 0????????????. ?? i+1(0)? i(0)??
?????????, Si+1()?????????? Si+1(i+1(0))?????.














< 10 2 ; (5.43)
????????????? S3(T )=T ?????????? %?????.
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5.4 ???????????????????
4?????, ??????????????????????????????. ?????????, ?
???????????????????????????????????, ?????????????
???????????????. ??????????????, ?????????????????,
[31]??????????????????????????, ???????? SU(3)V ????????
????. ?????????, ????????????????????????, (iii) yi = y??Q = 0
????????????.*4 ??????????, Q 6= 0?????????????.
5.4.1 ??????
???????????? (H ; HS ; S ; y)???. ????????????????????????
?? y . 0:006, Planck??????????????????????????:
0:13 . H . 0:14; 0 < HS < 0:12; 42HS=H < S . 0:23 : (5.44)
??? H ???? Higgs?????????????. S ???????????, Planck??????
????????????????????????. ??????? HS ? y ????????????
?????, ????????????????????:
HS ; y & 10 4 : (5.45)
???????? QCD?????????? H < 200 TeV?????.*5
?????????????????????????????????????, ??????????
???????????????????. ????????????, ????????????????
?????????.*6 ???????????????, ??????? (H ; HS ; S ; y)???????
???, mDM{H ???????????? 5.6???; ???? Higgs??????? hhi = 246 GeV ?
????, ?????????:
mh = 125:09 0:24 GeV [72]; (1)1 > 0:99 [72]; mS ' 2mDM ; (5.46)
mh ? Higgs?????, (1)1 ? h{S ??????, ???????????????????????. ??
???????????????, ???????????????? y hSi???? QCD???? H ?
???????????????; ? (????)???????? y hSi =H ???? (???)??. ???
???????? S ????????? (5.44)???, ???????? S ???mS ??????, ??
????? (mS ' 2mDM)?????????????mDM ?????, ??? QCD???? H ? HS
??????????????????. ???????????????????????, ??????
A(?), B(?), C(?), D(?)?????????????????.
???????? A{D ???????? (H ; HS ; S ; y) ?, ???????????? mDM, H,
y hSi =H ?? 5.1???. ? A?? B???? QCD???? H ??????????????????
*4 ????????????????????????????, ????????? [126]???????????. ??????
?????????????????????.
*5 H ???????????, Higgs?????????????????. ??????? 4.3??????, ????? H ?
???? HS ; y ?????????????, ?????????????mS ????????????. ?????, H ?
???????, ?????? S ??????????????????????.
*6 ???????????????, ????m ?mDM ?????.
56 ? 5? ????????????????
? 5.6: mDM{H ?????????????. ???????, hhi = 246 GeV, mh = 125:09 0:24 GeV,

(1)
1 > 0:99 (h{S ???), mS ' 2mDM ?????? (5.44)?????. ????????????????
???? y hSi =H ?????. ?????? A(?), B(?), C(?), D(?)?? 5.1???????????
?????.
? 5.1: ??????? A{D???????? (H ; HS ; S ; y)???????? (mDM;H; y hSi =H).
(H ; HS ; S ; y) mDM [TeV] H [TeV] y hSi =H
A ( 0:140; 0:050; 0:054; 8:57 10 4) 0:117 6:84 7:30 10 6
B ( 0:138; 0:098; 0:230; 3:60 10 3) 0:170 4:87 3:05 10 5
C ( 0:129; 0:0001; 0:007; 1:07 10 4) 0:906 153:1 8:73 10 6
D ( 0:130; 0:0001; 0:230; 3:55 10 3) 5:20 152:5 2:90 10 5
????, ???? C?? D??? 2?????????????????. ??????????????
?????????????????????? y hSi =H ????.*7 ????????????????
??, ???????????????? mDM ????????, ?????? y  O(10 3)???, ??
?????????????????. ???? A{D???????????????????, ?????
?????????????.
*7 QCD???, mu=QCD  6 10 3 ???. ???? 3.1??? NJL???????????.
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Case A<σ>/T<S>/T















































? 5.7: ????????? hi =T (??) ? hSi =T (??) ??????: A (??), B (??), C (??), D
(??). ????????????????? 5.1??????.
5.4.2 ?????????????????????
???????????????? (4.37)????, ???????????????????? (hi = 0
???)????????????. ???????????? Tc ???. ? A{D???? Tc ??? hi =T
? hSi =T ???????? 5.7???. ???????????  ? S ????, ???????????
????. ????????? Tc ????????:
Tc =

A : 0:519 B : 0:380
C : 11:519 D : 11:894
TeV : (5.47)
? C?? D?????????, ??? QCD???? CH > DH ?????, ? D???????????
???????????????. ????????????????????????????, ????
???????????????????????.
???????? 3 ?????????? (5.26) ????, ?????????? (Tt; ; ~) ?????.
??? (5.25)???????????????? 1 ?, ???????????  ? S ????????
58 ? 5? ????????????????






Case A: -VEFF (σ/ΛH,S/ΛH, T/ΛH=0.0570)









? 5.8: ??: ? 5.1??????? A (T=H = 0:0570)???????????? VEFF ????; ???




























??? g = 115:75, ???????  ???M ??????????????????????????:
m2 ' (2M)2. ???????? y ????????, ????????????, ????????????
M ?? (4.28)??????.
?????????? (Tt; ; ~)??? 1 ????, ? 5.1????????????? A??????
?. ?????????????? (5.26)???????, 5.3.2???????????????, ????
(5.30)????????? (5.28, 5.29)???????. ? A (T = 0:390 TeV)????, ???? S0()(?
???) ???????????, ????????????????? Si()(????) ?? 5.8 ????
?. ?????? i = 15????? (5.43)?????, ?????????? Si=15()?????????
??? 5.9???. ???????????????????, S3(T )=T = 148:2????????. ? 5.10
?? A????????????????, ? (5.20)????????????????. ??????? Tt
????, ?????????? ; ~ ??? 1 ?, ????? (5.21), (5.24), (5.48)?????????.
? 5.1????????????? A{D??????????? (Tt; ; ~)??? 1 ?? 5.2????
?. ? A?? C?????? ? ~ 1 ?, ? B?? D???????. ???? 5.1??????????
?? A{D ??????????????, ???????????? (?????? y) ??????, ??




















? 5.9: ??????? A (T=H = 0:0570)?????????: (r)=H(?)? S(r)=H(????)??
5.8?????? S15() (????)?????.
? 5.10: ? A??????????????? S3(T )=T ?? (5.20)???????????.
???????, ??????????????. ????????? A{D???  > 1 ???, ????
???????????????????????????, ?????????????????????
????????????????????????.
60 ? 5? ????????????????
? 5.2: ? 5.1????????????? A{D??????????? (Tt; ; ~)???????????
????????? 1. ????? Tt, ???????????? , ??????????????? ~ ?
????? (5.20), (5.21), (5.24)?????, ?? 1 ????? (5.48)??????.
Tt [TeV]  ~ 1
A 0:387 0:288 8:24 102 0:116
B 0:306 0:223 14:86 102 0:092
C 8:731 0:310 7:15 102 0:125
D 9:480 0:232 13:29 102 0:095
5.4.3 ?????????????????
?????????????, ????????????????????????????. ?????
?? A{D?????????? 5.1?????, ??????????????? 5.2??????. ???
??????? (5.5)?, ? (5.6){(5.14)?????????????, ?????????? (1 < )??
??????? i ?? (5.17)??????. ????????????????????, vw = 1???.
???????? A{D ????????????????? 5.11 ???. ???????? (??) ?,
???????????? (??), ??????????????? (??) ? MHD ????? (??) ?
???. ??????????, ?????????????? LISA [42, 43] ? DECIGO [44, 45, 46] ?
?????????????; ?? \LISA-N2A5M5L6" ?, [42]?? 1?????? LISA????????
?????, ?? \B-DECIGO", \FP-DECIGO", \Correlation" ? DECIGO?????????????
[44, 45, 46].
? 5.11 ????????, ?????????????, MHD ????? (??) ??????????








A : 6:20 10 2 Hz ; 1:84 10 12
B : 8:82 10 2 Hz ; 4:88 10 13
C : 1:18 Hz ; 2:57 10 12
D : 2:45 Hz ; 6:03 10 13
1CCA : (5.49)
? A?? B????????  0:1 Hz ?????, ? C?? D?? Hz???, ???? 5.2?????
??? Tt ?????????, ? 5.1?????????? HS ????????. ??????????
LISA [42, 43]?????????, DECIGO[44, 45, 46]???????????????.
??????????????????????, ? (5.7) ?? (5.10) ?????????????, ?
(5.6)?? (5.9)?????? ~ ?????????????; ~ ???????? ~ 1 ? ~ 2 ???. ??
??????????????? i ????, ???? 5.2???????? ; 1 ????????. ??




*8 ?????????????????? turb = v ?????, ????????????. ???? [42]????  = 0:05
????????, MHD?????????????????????.
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???? 5.12???????? A{D????????????????????, ?????? mDM ?









????, ??????????????, ???????????????. 1??????? 2?????
?????????????????????, ???????????????????????????
???????????. ????????????????????????????????, ????




???????????????, ???????????. ???????????? 2????????
??????, ????????????????????????????????????. ?????,
?????????????????????, ????????????, ???????????????
????, ??????????????. ????????????????????????, ?????
????????????, ????????????????, ????????????????????
??????????.
???? Higgs????????????? HS ????????, H < 200 TeV ?????. ???
?? QCD ?????????????????????; mB  H. ????????, ???????
??????????????, ????????????. QCD??????? [121]????, ????
????????, mB  H  O(100) TeV ??????. ????????????????????,
??????????, ??????????????????????????, ???????????
????????, ????????????????????, fpeak & O(1) Hz???????????
?. ??????????????????????????; Q = 0. ?????????????, ??
???????? 3Q ???????????. ?????????????????????, Planck ?
???????????; h2
B . 0:001[149]. ?????????????, mB  H . 5   6 TeV ??
?????????????? [31]. ?????????????????????, ??????????
Q 6= 0 ???????????????, (iii)yi = y ?????????, ? 5.6 ?????????, ??
???????????? B?????????. ???????????????????, ??????
fpeak  O(0:1) Hz?????????????.
?????????, ??????????????????????????, ??? QCD ?????
??????????????????? 1???????????. ?????????????????
???, ?????????????????????. QCD??? (Nf = 1 + 2)?, ??????? 2?
???????, ?????????; ????/????????, ???????. ????/??????
62 ? 5? ????????????????
????????????????, AdS/QCD????????????????????? [150]. ???
???/?????????????? ?, ??????????????? [151, 152]. ????????
??????????, ??????????????????????; ???????? ~. ??????




?. ??????????????????????. ????????????, Matched-ltering???
??????, ?????? (???????????)????????????????.*9 ??????
???????????????????? [154, 155]. 2030 ???? LISA ??????, ??????




? 5.11: ???????? A{D ???????????????: A (??), B (??), C (??), D (?
?). ???????? (??) ?, ???????????? (??), ??????????????? (?
?) ? MHD ????? (??) ????. ????????, ?????????????? LISA (LISA-
N2A5M5L6 [42, 43])? DECIGO (B-DECIGO, FP-DECIGO, Correlation [44, 45, 46])????????
??????. ?????????? vw = 1???.
64 ? 5? ????????????????
? 5.12: ???????????????: A (?), B (?), C (?), D (?). ?????????????
?????????? mDM ???? QCD ???? H ??? TeV ?????. ????????, ?
????????????? LISA (LISA-N2A5M5L6 [42, 43]) ? DECIGO (B-DECIGO, FP-DECIGO,












???????????. ???????????????, ???????????????????, ??
?????????????????. ????????????????, ??????????????
????. ????????????? NJL??????, ??????????????????????
??????????????, ????????????????????????????. ??? QCD
??????????? nc = nf = 3???????????, ????????????????????
??????????????????????. ??????????????????????????
????????????????, ??????????????????????????, ??????






??????, ?????????????????. ??????????, ???????????, ??
???????????????, ???????????????????????. ?????????
???????????????????????, ????????????????????, ?????
??????????????????????. ???????, ??????, ????????, ???
???????????, ????????????, ??????????????????. ?????
?????????, ?????????????, ?????????????????????????.
?????????????, ????, ????, ????, ????, ??????, ????????, ?
???????????????????. ?????????????, ???????????????
?????????, ????, ????, ??????, ???????????????, ????????
??. ????????????, ????, ????, ?????????????, ????????, ??
????????????????. ????! ?? JAPAN???????????, ?????????
? (IHEP)?????????????, ????????????????, ?????????????
?????????. IHEP?? 2?????????????? Zhi-zhong Xing??, ????????
??????????????, ????? Qing-Hong Cao ??????????????. ?? Thomas
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???????????????. ???, ???? x = (t; xi)??????????????, ????
???????:
ds2  g(x)dxdx : (A.1)








12l +   
   1T12k2l    2T
12k





g (@g + @g   @g) : (A.3)
?? Einsterin?????????????:




R  @    @  +         ; (A.5)
?? Ricci??????????:




ds2 = dt2   a2(t)ijdxidxj ; (A.7)
a(t)???????, ij ?????????:
ij  ij +K xixj
1 K(xkxk) ; (A.8)
70 ?? A ??????
??? K ??????. ?? xi  fx1; x2; x3g????????, ???? xiphys ?, ??????????










xi  vipec +Hxiphys ; (A.9)





?? FRW?????? Christofel?????????, ???????????:







































































FRW?????????????????????. ??????? N ????, N0 ????????
????, N i ? xi ???????????. ????????????, N0 = n(t); N i = 0????. ??
??????????? U  dx=ds??????????????,*1
N = nU : (A.16)
?????????????, Minkowski??????, @N = 0. ???, FRW???????????,






n = 0 ; (A.17)
????, ????? n(t)?, ????????????????????; n(t) / a 3.
????????????, ???????????? T ?, ?????????;
T = (+ P )UU   Pg ; (A.18)
*1 ?????????, U = (1; 0; 0; 0).
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??? ????????, P ??????.*2 ???????????????????. Minkowski??
????, @T = 0?????, ?????, FRW???????????, rT = 0. ????????






(+ P ) = 0 : (A.19)
????? P = !?????, ?????????????????????:




a 3 ?? (! = 0)
a 4 ?? (! = 1=3)




G = 8GT ; (A.22)
??? G ?, Einstein ????, G ?????, T ????????????????. FRW ???
Einstein?????,? (A.14)?? (A.15)???????????, ?????????????????















(+ 3P ) : (A.24)




























??, ???????????? ??? P ??????????; ? (A.21)?????????
????? X ?????:
*2 ?????????, T = gT = diag:(; P; P; P ).
72 ?? A ??????
 ??: m / a 3
??????????, ???????????. ???????????????????. ????
?????? (????)?, ??????????; m = b + DM.
 ??: rad / a 4
??????????, ????????????????. ??????????????????.
???????????????; rad =  +  . ????????????? GW / a 4 ????
??, ???????????, ????????????????.
 ??: vac / a0















???, H0 ??? (t = t0)? Hubble??????, ??????? a(t = t0)  1?????????.
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e(E(p) )=T  1 : (A.32)
????????, ?? T ?????????  ?????????, ???????????????,
(T ), ?????????????. ????? (i; j)????, ???????? (i; j)????????
???, ?????????????; ?? i? i; j $ k; l???????????????????????
???:
i + j = k + l : (A.33)
???????????????,  = 0 ???. ??? 2 ?????????????, ?? i ???
Ti = T ??????????????, ????????, ??????????; T = T .
???????????
????????, ????????????????????? (  T )????, ? (A.31)????
???????? n, ??????? , ?? P ?????????????.  = 0?????, ?????
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4pjpj2 +m2 1exp hpjpj2 +m2=Ti 1 = 13 g22T 4K(r) ; (A.36)































 1 ; (A.39)
??? x = jpj=T ???. ????????????????????. ??????, ?????????












 ((n+ 1)=2) : (A.40)
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???? (A.40)????, I (0) = 2(3), J (0) = 6(4) = 2=15???. ?????, ????? n


















?? P = =3???????.
 ??????? (r  1;m T )
???????????????????????, ?? x r ??????????????,
e 
p
x2+r2  e r x2=(2r) (A.46)
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nT ; P = nT   ; (A.49)
???????? n????, ???????? ????????.
??????????, ????????????????, T 4 ???????, ??????????, ??
???????????????. ?????, ????????????????????, ??????
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LNJL = Tr  (i@  m) + 2GTr y+GD (det  + h:c:) ; (B.1)
???m = diag. (mu;md;ms)???,
()ij =  i(1  5) j = 1
2
ajiTr
 a(1  5) (B.2)
???. a(a = 0; 1;    ; 8)? 0 = 1p2=3??? Gell-Mann?????.
Bogoliubov-Valatin ??????? j i ????, ?????????????????. ???????
???????????? L0 ?????????, ?????? O ??????????????:
: O :  O   hOi : (B.3)






















hiij   hii hji+ FiFj ; (B.4)
??? FiFj =: ij :???. ????????? 3????????????.






















hii hjik   2 hii hji hki+
X
(i;j;k)
hiiFjFk + FiFjFk ; (B.5)
76 ?? B ???????? NJL?????
??? FiFjFk =: ijk :???. ??????????????????.
??? i ? a ? Bardeen-Cooper-Schieer????????????:
'  hi =   1
4G







? (B.1)? 2??? 4??????????????, ? (B.4)????????????????????
?????:
Tr(y) = Tr 'y+ Tr y'  Tr 'y'+ : Tr y : (B.7)




Tr 3   1
2






????? 3????????????????. ????? (B.5)???????, ??????????
????????:
Tr 3 = 3Tr '2  2Tr '3 +O(: 2 :) (B.9)





Tr   2 (Tr ')3 +O(: 2 :) (B.11)
??????? NJL?????????? LNJL ?? (3.8)?????????????????:
LNJL = L0 + LI (B.12)
??? L0 ?? (B.6)??????????????????????, LI ????????? h0jLI j0i = 0
???????????. L0 ???????????:
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? C.1: ??????????? C.





























[f(k0) + f( k0)] 1
ek0  1 : (C.7)



































(k2  M2)3   4IA(M) + 4IB(M);






































= B0F (M ; H) +BF (u
2); (C.9)
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???  = 1=T , k0 = i!n = i(2n + 1)T , u = M=T ???, ?? 12 tanh( 12k0)? k0 ????????.
????????????, 4??????????????????????:
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
: (D.2)
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= 0 : (D.5)
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